A rubble-mound weir is proposed as a nature-friendly structure for controlling river flow. By performing a one-dimensional analysis, discharge through the weir is formulated as a function of hydraulic parameters such as flow depths at the upstream and downstream the weir, porosity and grain diameter of rubble mound, weir's geometrical dimension, etc.. A laboratory experiment is carried to determine the unknown model parameters and to compare the measurement with the analysis. The theoretical solution agrees quite well with the experimental data for wide range of flow conditions. The present study makes it possible to apply the rubble mound weir for practical use as a discharge control system.
Introduction
A weir usually has an impermeable body constructed of concrete, metal, rubber, etc., because its original function is to reserve water and to regulate river flow most efficiently. This, however, prevents the longitudinal movement of aquatic lives and blocks water mass exchange as well, which eventually gives negative impact on river environment.
Photo 1 is an example of traditional rubble mound weir in Japan, which is used as an agricultural irrigation facility. Most of them have been constructed and preserved by local societies for many years but they were not designed based on hydraulic engineering. The weir's body is permeable but it does function in reserving certain amount of water. Because of its porous body, the weir allows streamwise migration of aquatic lives. In addition, physical and chemical substances could pass through to downstream, which minimize negative impact of the structure on river environment. It is also expected that reaeration through the air-water interface is promoted by turbulent fluid motions inside the weir. In compared to conventional types of impermeable weirs, the rubble mound weir is expected to be much friendlier to nature. One needs to know hydrodynamic properties of the rubble mound weir in order to design the structure, whereas little is known in regard to this type of structure so far. The objective of the study is to formulate discharge through the weir as a function of parameters such as water depths, porosity and rubble grain diameter, geometrical dimension of the structure and so on. A one-dimensional analysis was performed to obtain a solution of water surface profile in which both the laminar and turbulent flow components of flow resistance in the porous body 1 Dept. Civil Engin., Kobe Univ., 1-1 Rokkodai, Nada, Kobe 657-8501, Japan, ph. (0)78-803-6056, fax (0)78-803-6069, michioku@kobe-u.ac.jp 2 Dept. Environmental Design and Civil Engin., Okayama Univ., 3-1-1 Tsushima-naka, Okayama 700-8530, Japan, ph. (0)86-251-8151, fax (0) 86-251-8866, maeno@cc.okayama-u.ac.jp 3 Graduate School of Natural Science, Kobe Univ., 1-1 Rokkodai, Nada, Kobe 657-8501, Japan, ph.
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A laboratory experiment was carried out, in which a rectangular weir model was installed in an open-channel flume. The weir was made of natural pebbles and its length and rubble grain diameter were varied. A theoretical discharge curve deduced from the analysis was compared with the experimental data. Agreement between the theory and the experiment was excellent in wide range of flow conditions. The present theory can be used to guide the design of weir based on its hydrodynamics.
Flow system
Depending on hydraulic conditions and weir's geometry, three different flow regimes may occur as shown in Fig.1 . When the stream is running over the top of the weir as in Fig.1(a) , the flow is two-layered consisting of an open channel flow over a permeable rough bed and a subsurface flow confined in the porous body. This situation seldom occurs except in the case of high discharge. On the other hand, in most of the days or in ordinary flow conditions, the water surface is submerged under the top as shown in Fig.1 (c) and the system is a subsurface flow. More interest is in the latter case, because this situation makes more sense in water use.
Analysis of water surface profile
In the present study the rubble mound weir is assumed to be rectangular for the sake of analytical simplicity, while a prototype weir must have trapezoidal shape for dynamic stability. The model is two-dimensional and divided into the three regions as shown in Fig.2 . They are (1) a section at x=0 where flow is suddenly converging from the open channel to the porous body, (2) a reach of x=0~L in which the subsurface flow is gradually varied in the porous body and (3) a section at the downstream end x=L where flow is rapidly diverging from the porous media to the open channel. Here, L is a weir length. Momentum and energy principles are applied to the three regions in order to analyse the flow profile as follows.
Momentum balance at section (1): the upstream boundary, x=0
The flow is suddenly converged around x=0 from an open channel to pore in the weir with porosity n. Assuming transition from the open channel to the pore to be analogous to the sudden contraction from a wide open-channel to a narrow one, momentum and continuity equations are written as follows. 
Water surface profile in the range (2), x=0~L
On the contrary to the flow transition around x=0, the longitudinal variation of flow in this reach is rather gradual. Applying a flow resistance law for porous media proposed by Ward (1964) to the present system, conservation of energy equation is written as
where U = q/nh is seepage fluid velocity, U S =q/h is apparent or superficial velocity, i is bed slope and ν is kinematic viscosity. D L and D T in Eq.4 are laminar and turbulent flow components of flow resistance, respectively. (c, K) are model coefficients regarding drag force of porous body, which are given as functions of rubble grain diameter d m and porosity n by
where (e, f) are non-dimensional coefficients to be experimentally determined. Arbhabhirama et al. (1973) and Shimizu (1992) proposed (e, f)=(0.028, 100) through laboratory experiments of turbulent flow in a confined porous body. With reference to Fig.2 , Eq.4 is integrated with respect to x with boundary conditions that h=h 1 at x=0 and h=h 2 at x=L -6 Normalization of the solution in terms of (h 0 , q) leads to the following solution. 
and γ 2 =h 2 /h 0 is a dimensionless water depth at x=L -, Re=q/ν is Reynolds number, k=K/h 0 2 is a dimensionless length scale regarding rubble grain diameter and l=L/h 0 is a non-dimensional weir length. Eq.7 is to give a functional dependency of discharge q on the water depths (h 1 , h 2 ) and the weir length L in an implicit form as φ(F 0 , γ 1 , γ 2 , l)=0 8 Other dimensionless parameters included in Eq.8 are Reynolds number Re, porosity n, rubble grain diameter in dimensionless form d m /h 0 and bed slope i, respectively.
Momentum balance at section (3): the downstream boundary, x=L
In this section the stream is a suddenly diverging from the porous body to the open channel. The following two types of situations may occur depending on the downstream flow condition.
"C-Flow" in the case of supercritical flow downstream the weir When the flow downstream the weir is supercritical, the section x=L -becomes a control section. In this case, the depth h 2 is equivalent to a critical depth h C which is determined by the discharge Q. The flow system is not controlled by the downstream condition and thus h C is completely independent of the downstream water depth h 3 . h C is given from a singularity condition of the differential equation 4 This flow regime is termed "C-Flow", hereafter. 
Computation of discharge
The water surface profiles in the regions (1) through (3) are connected with each other under a certain flow rate through Eqs.3, 7, 9 and 10. In other words, elimination of h 1 and h 2 among these equations yields a solution of flow rate Q as a function of the water depths h 0 and h 3 .
Normalizing the solution, a functional dependency of the dimensionless discharge F 0 on the dimensionless water depths (h 0 /L, h 3 /h 0 ) will be given as follows.
Discharge of C-Flow
Treating (γ 1 , γ 2 ) to be dummy variables in Eqs.3, 7 and 9, the dimensionless discharge F 0 is given as a function of the dimensionless water depth h 0 /L as
. 11 where the function Ω C (x) has an implicit form given from Eqs.3, 7 and 9. . 12 The implicit functional form of Ω S (x) is determined from Eqs.3, 7 and 10. ∆h/h 0 is a parameter describing the influence from the downstream; smaller the water depth difference ∆h/h 0 , more the backwater effect is predominant and decreases the discharge F 0 .
Discharge of S-Flow
Eq.12 asymptotically approaches to Eq.11 as ∆h/h 0 increases or as the downstream control decreases.
Governing parameters
Considering the functional relationships included in Eqs.11 and 12, the governing parameters that determine the flow rate are listed as follows. 
Determination of the unknown constants (e, f)
The most important step in this analysis is formulation of the flow resistance in Eq.4. There is no guarantee that the coefficients (e, f) from the previous studies is suitable to the present flow system, too, since they were originally identified from the experiments on porous media flows confined in a pipe. Now, the coefficients are determined so that square sum of the difference between the experimental discharge and the theoretical ones is minimized. Contours of the error designated by ε are drawn in Fig.3 for varied sets of (e, f). The optimum values of the coefficients which gives the minimum error are identified to be (e, f)= 0.0196 41.0 . They are in the same order as the previous study mentioned above, which implies that the flow resistance mechanism in the present system does not differs much from that in the porous media flow system in the pipe. We will use these values in computation of theoretical discharge.
Laboratory Experiment
A laboratory experiment was carried out in two open channel flumes; "K-flume" and "O-Flume". The O-flume reproduces large scale flows of Re>5,000 in which the flow properties are mostly independent on the Reynolds number, whereas the flow scale in the K-flume is small and thus effect of viscosity or the Reynolds number can not be excluded. Natural stones with two different average diameters d m were used as the rubble mound materials, although the resultant porosity n was not so different each other. The experiments were conducted for different weir lengths L and bed slopes i and in wide range of the Reynolds and Froude numbers. The experimental conditions are listed in Table 1 .
In both of the experiments a rectangular rubble mound was constructed in the channel and reinforced with a wire net so as the mound was not collapsed by the flow. Fig.3 Contours of ε in the (e, f) plane and determination of the optimum pair of (e, f). 
Dependency of discharge on relating hydraulic parameters Effect of Reynolds number (Scale effect)
The flow resistance is composed of the laminar and turbulent flow components as formulated in Eq.3. Since the scale effect is measured by the Reynolds number, it is examined how the discharge depends on the Reynolds number Re. , is plotted with Re in Fig.6 . It is confirmed from the figures that the Reynolds number has less influence on the discharge relationship as Re increases. The scale effect can be neglected in the range of Re>5000. The theory is in good agreement with the experiment. In this relationship effect of the weir length L is involved in the parameter h 0 /L. As the weir length L decreases or the ratio h 0 /L increases, the flow rate F 0 increases.
Effect of bed slope i
It is supposed that hydraulic gradient inside the weir body is greater than the bed slope i except in the case of very steep slope rivers. To confirm this the functional dependency of F 0 on h 0 /L are plotted in Fig.7 for different bed slope i. Fig.8 shows a functional relationship between F 0 and i for varied water depth h 0 /L. Both of the figures document the bed slope has little influence on flow rate in the range of bed slope less than i<1/00. Agreement between the theory and the experiment is well again.
Effect of grain diameter d m
Dependency of F 0 on d m /h 0 is drawn in Figs.9 and 10 for the case of ∆h/h 0 =0.2. The result shows that the grain size has predominant effect on the discharge in the range of the present experimental conditions.
Effect of backwater
The backwater effect is measured by the downstream flow depth h 3 or the flow depth difference between the upstream and downstream the weir, i.e. ∆h(=h 0 -h 3 ). It is considered that smaller the depth difference ∆h, more the backwater becomes predominant and thus the flow rate decreases. This is confirmed from Fig.11 that shows how the functional relationship between F 0 and h 0 /L is dependent on ∆h/h 0 . The experimental tendency that F 0 decreases with decreasing ∆h/h 0 is well estimated by the theoretical curves. Since the S-flow is downstream controlled, the flow rate is eventually dependent on the parameter ∆h/h 0 as shown in the figure. On the other hand, discharge of the C-flow is determined solely by the critical depth h C that occurs at the control section x=L. In the latter situation, the discharge is determined independently of ∆h/h 0 as written Eqs.11 and as shown in Fig.11 . The S-flow asymptotically approaches to the C-flow in the extreme of
Effect of porosity n
Construction materials of the rubble mound may be natural stones, rocks, artificial concrete blocks, etc. that must vary in porosity n. It is necessary from an engineering point of view to investigate the effect of porosity on discharge, which provides practical information in determining construction materials. Even though porosity in the experiment did not varied so much as seen in Table 1 , effect of n on the discharge can be theoretically estimated from the solution. Fig.12 shows an example of functional relationship between F 0 and n for various ratios of h 0 /L. The figure shows that F 0 increases as the porosity n increases. 
Example of discharge curve Q~h 0
In engineering practice a functional relationship between the discharge Q and the water level h 0 , so-called a "discharge curve", is necessary information for making design of weir. Examples of the curve are shown in Fig.13 for the case of d m /h 0 =0.38. The theoretical curves are well correlated with the experimental data points.
Correlation between the theoretical and experimental discharge
The solution of discharge Q TH is computed for all the experimental runs and compared with the experimental values Q EX to examine correlation between the theory and the experiment.
As shown in Fig. 14, the theoretical estimation Q TH is in excellent agreement with the experimental data points Q EX for wide range of discharge. It is again confirmed that the present analysis provides good estimation of discharge and can be applied for practical use.
Concluding remarks
In order to utilize a rubble-mound weir as a flow control facility, discharge through the weir was evaluated by performing a one-dimensional analysis and a laboratory experiment. The governing parameters are water depths upstream and downstream the weir, length and porosity of the weir, average diameter of the rubble mound and bed slope. The analysis is to give a solution of discharge as a function of the governing parameters. The solution agrees very well with the experiment in wide range of flow conditions. Major findings are summarized as follows.
Dimensionless discharge F 0 is an increasing function of the dimensionless upstream water depth h 0 /L, the porosity of the weir n, the specific flow depth difference between upstream and downstream the weir ∆h/h 0 , the dimensionless diameter of the rubble mound materials d m /h 0 and the bed slope i. The effect of the bed slope i, however, is negligibly small in the range of i<1/100. When the Reynolds number Re is greater than about 5000, the discharge is almost free from the scale effect and the laminar flow component has little effect on the flow rate. With the aid of the present analysis we can make a suitable design of the rubble mound weir under given river channel conditions. It is furthermore necessary to investigate other aspects of the rubble mound weir such as dynamic stability against flow force, aeration rate of the weir, feasibility of the longitudinal migration of aquatic lives, sedimentation of suspended solids in pore of the weir, etc.. 
